Jupiter Trojan asteroids are minor bodies that share Jupiter's orbit around the Sun.
Introduction
Jupiter Trojan asteroids (hereafter, JTs) are minor bodies that share Jupiter's orbit around the Sun in stable orbits over the age of the Solar System (Levison et al., 1997; Marzari et al., 2003) in two Lagrange regions, L4 and L5. Their origin and composition are a subject of current debate. Marzari and Scholl (1998) proposed that they formed in a region close to Jupiter and hold information of the central part of the solar nebula, while Morbidelli et al. (2005) argued that they were captured from a more distant region, during a phase of the proposed planetary migration period in the early Solar System. Therefore, according to these authors, JTs should contain information from the outermost part of the protoplanetary disk. In this context, the study of the JTs dynamical and physical properties can provide important clues about the history and evolution of our planetary system. Several spectroscopic observations at the visible and near-infrared (NIR) wavelengths revealed featureless spectra (Dotto et al., 2006; Fornasier et al., 2007; Emery et al., 2010) with colors that vary from gray to red, without signatures of ices or hydrated silicates (De Luise et al., 2010; Jewitt, 2007, 2011) . Most of the JTs could be classified in the Tholen taxonomy (Tholen, 1984) as Dor P-types, with a minor fraction of C-types. Studies on thermal wavelenghts showed that they are predominantly low-albedo objects gone little to no thermal alteration since their formation.
Further investigations revealed a bimodality in their color distribution both in visible and NIR wavelengths, with one "red" peak related to the D-types, and one less red peak, similar to P-types (Emery et al., 2010; Wong et al., 2014; De Prá et al., 2018) . This bimodality has been interpreted as the predominance of two intrinsically different compositional groups. This hypothesis is strengthened by the work of Brown (2016) , which searched for a feature located at around 3 µm, diagnostic of water ice, and hydrated minerals, in the surfaces of JTs. The feature was identified in the spectrum of the P-types JTs, while all D-types presented featureless spectra.
Due to the importance of the JTs in constraining dynamical models, there has been a significant increase in an interest in studying this population. In this context arises the NASA Lucy Mission, with a planned launch of 2021. The Lucy Mission will be the first one to address a group of objects with the aim of investigating, in detail, their nature. The mission will perform six flybys: one on the Main Belt Asteroid (MBA) (52246) Donaldjohanson, and five on JTs (3548) Eurybates, (15094) Polymele, (11351) Leucus, (21900) Orus and the binary (617) Patroclus-Menoetius (hereafter refereed only by the objects' name). The mission targets were selected to cover a range of common taxonomic types among the JTs with distinct physical properties. Polymele is a small P-type asteroid with approximatelly 21 km in diameter, while the binary system Patroclus-Menoetius have more than 100 km each in diameter and are also P-types objects. On the other hand, Orus and Leucus are D-types objects, with intermediate diameters (51 and 34 km, respectively) and rotation period completely differents: Orus has a rotation period of ∼ 14 hours and Leucus almost 450 hours (Buie et al., 2018) . Eurybates and Donaldjohanson are both members of primitive dynamical families, the first in the L4 swarm and the other in the main belt. Eurybates is the largest member of the homonyms family with a diameter of ∼ 63 km, and Donaldjohanson is a small body, ∼ 4 km, of the Erigone Family (Nesvornỳ et al., 2015) . These objects were selected as representatives of the JTs popu- lation. The investigation of their properties will reveal the diversity among the group and will help to interpret the whole population providing constraints to the formation and evolution of the Solar System. Aiming to provide valuable information for mission planning and maximizing the scientific return, we carried out an observational study of four of the mission's targets: Donaldjohanson, Eurybates, Polymele and Orus. In this work, we conducted a search for surface heterogeneity in three out of five JTs Lucy targets: Eurybates, Polymele, and Orus. To ensure the robustness of our analysis, we applied two techniques: rotationally resolved spectroscopy, using the Goodman spectrograph at Southern Astrophysical Research (SOAR) Telescope, and to confirm a case of variability, we analyzed the rotational Light-Curve (LC), observed with two photometric filters using the 1-m Telescope of the Observatório Astronômico do Sertão de Itaparica (OASI). We characterized, for the first time, the spectrum of the Lucy MBA target Donaldjohanson, obtained at 10.4m Gran Telescopio Canarias (GTC). The paper is organized as follows. In Sect. 2 we describe the observations and data reduction process, in Sect. 3 we show the analysis and results of our data, in Sect. 4 we discuss the results and in Sect. 5 we present our conclusions.
Observation and Data Reduction

Spectroscopic observations
Details of spectroscopic observations conditions for each object are listed in Table 1 and of solar analogs stars in Table 2. Information includes objects name, magnitude, date of observation, starting UT, exposition time, and airmass. The spectra of the MBA were obtained on May 26 at the 10.4 m GTC at the El Roque de Los Muchachos Observatory (ORM) in La Palma, Spain. JTs spectra were taken on July 7 and August 12 at the 4.1 m SOAR Telescope on Cerro-Pachón, Chile.
We used the Optical System for Imaging and Low Resolution Integrated Spectroscopy (OSIRIS) camera spectrograph (Cepa et al., 2000; Cepa, 2010) of GTC to observe the MBA. We used the R300R grisma with a slit of 1.23" and the 2 × 2 binning mode with a readout speed of 200 kHz, which corresponds to the standard operation mode of the instrument. In all observation nights, the target were oriented to the parallactic angle to minimize losses due to atmospheric dispersion. We took 3 consecutive spectra of Donaldjohanson in a range of 0.49 to 0.92 µm and shifted them into the slit direction by 10" to improve the sky subtraction and fringing correction. To observe the JTs, we used the Red Camera of Goodman High Throughput Spectrograph (GTHS) of 4.1m SOAR with the grating of 400 lines/mm, a slit of 1.50" with GG455 second order blocking filter, and a readout speed of 344 kHz, which provides an effective spectral interval from 5000 to 9050Å with a dispersion of 1.0Å/pix. We used this same configuration to obtain all JTs spectra. In total, we did 3 observations of Eurybates and Polymele, and 4 of Orus, in which each observation contains 3 consecutive spectra of each target (with exception to the second observation of Polymele that contain only 2 consecutives spectra).
We applied standard reduction techniques using IRAF 1 routines for all targets. Images were initially bias and flat-field corrected, the sky background was subtracted to them. We extract the spectra using an aperture that varied depending on the seeing of the observation. The spectra were wavelength calibrated with HgArNe (SOAR data) and XeNeHgAr (GTC data) lamps. To correct for telluric absorption and obtain the relative reflectance, we observed solar analogs stars from the Landolt list (Landolt, 1992) , using the same instrument configuration, and at similar airmasses as to the objects. We observed 2 solar analog stars on May 26, 6 on July 7, and 2 on August 12. Finally, each object spectrum was divided separately by the spectrum of the solar analog stars, normalized to unity at 0.55 µm and binned with a bin size of 11 points. These final relative phase reflectances of the JTs are shown in Fig. 1 and the spectrum of the MBA in Fig. 4 . We also show in Fig. 1 the relative reflectance of each target obtained combining all the individual spectra during the whole observing period (we will refer to this as the combined spectrum).
Photometric observations
Photometric observations of Eurybates were obtained at the OASI, Brazil. We used the 1.0-m Telescope with a 2k×2k CCD, which provides a field of view of 11.8' and an image scale of 0.343"/pixel. Observations were performed on October 3 and 4 of 2018. The average seeing of both nights was approximately 3.5". The LCs were obtained in the r and i filters of the Sloan Digital Sky Survey (SDSS) system. We applied standard reduction techniques in both filters: images were bias, dark and flat-field corrected. To correct for fringing patterns, present in images taken with i filter, we performed a dithering sequence between expositions. These images were combined to build a mask that was later used to correct the individual exposures.
Relative photometry was computed to obtain the rotational LC in both filters. We tested different apertures in order to maximize the object's SNR in each night. We also tried different radius and widths for the annulus used for the background subtraction. We chose the same reference stars set during the two observation nights. The LCs in r and i filters are presented in Fig. 3 .
Analysis and Results
We obtained four spectra of Orus, and three of Polymele and Eurybates that cover 48%, 85% and 63% of a whole rotation, respectively. All of these spectra are reddish and featureless, as expected for primitive surfaces (see Fig. 1 ). We obtained one spectrum of Donaldjohanson (see Fig. 4 ). To search for variations in the spectral characteristics with the rotation, we will use the spectral slope and the taxonomical classification. Some variations in color are already suggested in the figure, however, it is well known that small differences can be caused by many different factors such as different compositions or particle sizes on the asteroid, space weathering, or even more common, observational uncertainties associated with the observing conditions. Because of this, we also show and characterize the relative reflectance of each target obtained merging all the individual spectra during the whole observing period (we will refer to this as the combined spectrum). Below we show the results of the analysis of these spectra that are also included in Tab. 3, with the physical properties of them.
3.1. Jupiter Trojans targets: Eurybates, Orus and Polymele To search for rotational variability in the JTs spectra, we selected an arbitrary zero-point for the rotational phase Reflectance spectra of our sample normalized to unity at 0.55 µm. Spectra of Orus (salmon), Eurybates (orange), and Polymele (purple). The black spectrum in each box represents the combined spectrum of each target normalized to unity at 0.55 µm.
as the first spectrum of each object. The remaining acquisitions were rotationally calibrated in comparison with the first. The physical properties of each object can be seen in Tab. 3. We measured the visible spectral slope (S ) for each spectra in our sample and looked for variations higher than 1-σ level.
We used the definition of S presented in Jewitt and Luu (1990) to calculate the spectral slope. We performed a linear fit using the wavelength range between 0.5 and 0.9 µm, where the reflectance is well represented by a line fit, and normalized it in 0.55 µm. The values for the slope and the associated uncertainty are presented in units of %/1000Å. The values obtained for the slope of each spectrum and for the combined spectrum are shown in Tab. 4, along with the associated error, and plotted in Fig. 2 with 1-σ errorbars for each spectrum.
The errors in the slope values are computed following the law of propagation of uncertainty, taking into account the error in the fit and the error introduced by dividing by the spectra of the solar analog stars or the centering in the slit. These differences could propagate into the spectrum of the target through the reduction process. To quantify the errors, we divided the solar analogs stars spectra by one that we take as the reference (the one with intermediate airmass). The result of division should be a straight line with spectral slope S = 0, but the analysis shows a variation of 0.50%/1000Å for the night of May 26, 0.84%/1000Å of the night of July 7 and 1.1%/1000Å of the night of August 12. We took these values as systematic errors. We also evaluated the error in the fit for each phase to calculate the slope, and this error was added quadratically to the systematic error. The final error is strongly dominated by the systematic one.
In addition to the slope, we also performed a taxonomical classification in each single spectrum and also in the combined spectrum. We used the CANA 2 package for this task (De Pra et al., 2018) . The routine applied by CANA is based on minimizing the chi-squared between the asteroid spectrum and the taxonomy templates (DeMeo et al., 2009) . Although the aforementioned taxonomic system is an extension to the NIR of the Bus and Binzel (2002) taxonomy in the visible, all the obtained classes coexist in both schema. The classification results are shown in Tab.
4.
The spectra of all the JTs in our sample are featureless. We covered 85% of the rotation period of Polymele with 3 spectra and the spectral slope variation does not exceed the 1-σ level compared with the slope of the combined spectrum of 3.29 %/1000Å. The 4 spectra of Orus covered 48% of its rotation period. The first spectrum of Orus shows a clear outlier spectral slope of 4.4 ± 0.84 %/1000Å, less red than the other three with values between 7.84 and 9.27 %/1000Å (see Fig.1 and Tab.4). These three spectra and the combined are classified as D-types, meanwhile the first one is classified as X k . In this specific case, we attribute the slope variation to instrumental setup and climatic conditions in the moment of the first observation. In Sect. 4, we discuss this in more detail. The analysis of the three spectra of Eurybates revealed that the slope of the second spectrum, classified as a C-type, deviates from the first and the third that were classified as Xc-types (see Tab. 4). The slope deviation is above 1-σ level. We closely inspected the observational circumstances, and we find that the spectral variability must correspond to real variations on the surface of Eurybates.
To confirm this, we conducted a photometric analysis similar to the ones presented in Lacerda et al. (2008) and Lacerda (2009) . The LCs in r and i filters, are presented separately in Fig. 3 -top. Since simultaneous measurements in both filters were not possible, we cross-interpolated their fluxes of the r -band taking the i -band time coordinates as reference. We subtracted the respective magnitudes in each filter to produce the objects' color curve (Fig.  3-bottom) . The resulting color curve was smoothed using a running median to search for structures that could be associated with a rotational color variability. However, we found no variation that exceeded the 2-σ level. Note that our photometric data covered ∼ 35% of Eurybates' rotation period, and did not reach the same phase observed by the spectroscopic observations. More data is warranted to secure confirmation.
Donaldjohanson
In the case of Donaldjohanson, which only has one spectrum we did not search for rotational variability. The spectrum of Donaldjohanson presented a decay of reflectance towards the ultra-violet wavelengths (Fig. 4) . This feature is commonly observed in C-type asteroids. Vilas (1995) suggested that it could be related to hydrated materials in the surface of the asteroid. We characterized the turnover region following the methodology described in De Prá et al. (2018); the turn-off point was measured by calculating the furthest point from a linear fit considering just the edges of the spectrum. In addition to the turn-off wavelength, we also measured the slope of the drop-off in reflectance on wavelengths lower than the turn-off point (near-UV slope).
We found a turn-off point at 0.6206 ± 0.0038 µm, with a near-UV slope of 9.32 ± 0.50 %/1000Å. The visible slope S is 0.36 ± 0.50 %/1000Å, and is classified as a Cg-type. In Fig. 4 , we show the spectrum of the object in comparison with the Cg-class template and the mean spectrum of the C-types within the Erigone family from Morate et al. (2016) .
Discussion
The spectral properties of our sample
We observed 3 JTs and one MBA that are targets of NASA Lucy Mission. The sample presented in this work shows spectra compatible with primitive asteroids, with colors ranging from gray to red. We did not find any strong evidence of variability on the spectra of Polymele. Spectral slope variations can arise from systematic observational effects, often related to seeing conditions (Binzel et al., 2015) . In the case of the first spectrum of Orus, which was acquired in the beginning of the night, the seeing was higher than the slit adopted. Therefore, we consider that the variability in the associated slope could be the result of a systematic error. All of the three remaining spectra, which were observed with a considerably smaller seeing, presented a self-consistent behavior. Figure 5 , adapted from De Prá et al. (2018), shows a compilation of NEOWISE and SDSS properties as visible slope and geometric albedo for JTs. The spectra of Orus and Polymele present rather homogeneous characteristics along the surfaces, and their taxa correspond with those of the two dominant populations in the Trojan population, the P-(low-albedo X type asteroids) and the D-type group of objects (see Fig. 5 ). These taxonomic classes are observed across the main belt, but they become predominant with increasing heliocentric distance. However, when looked closely in the Albedo versus Spectral slope (Fig. 5 ) space of parameters, these two Lucy targets reveal as peculiar. Polymeles color is slightly less red than the average color of the P-type Trojans, meanwhile, Orus, classified as a D-type, is considerable more neutral than the average D-type Trojans, as well as the typical D-type Hildas and Cybeles, (De Prá et al., 2018 albedo is higher than the albedo of these D-type suggesting that the surface properties of this trojan may be comparable with those of the members of the P-type trojans. This knowledge will shed light on how the JTs were formed and on the history of the Solar System. According to dynamical evolution models, the resonant populations in the outer main belt and up to the Neptune orbit, namely the Hildas, JTs, Centaurs and Neptunian Trojans should have similar origin (Morbidelli et al., 2005; Brož and Vokrouhlickỳ, 2008) but observations show that their surface characteristics are differents (Jewitt, 2018; De Prá et al., 2018) . The fact that they show different properties suggest that either there is a thermophysical effect operating at their regions, or they have distinct origin. The Lucy mission will investigate the surface of Orus and Polymele, and will reveal if they have distinct compositions, and possibly different origins.
The other two objects in our study correspond to the C-complex, a class that dominates the inner belt but that is unusual in the Trojan population. It was expected that Donaldjohanson was a C-type asteroid for belonging to the Erigone collisional family (Nesvornỳ et al., 2015) , a primitive family located in the inner part of the main belt that has been characterized within the PRIMitive Asteroids Spectroscopic Survey (PRIMASS, see Morate et al. (2016) ). Nearly 50% of the family was classified as C-type asteroids, with more than 80% of these objects presenting an absorption band in their visible spectra, centered at 0.7 µm (Morate et al., 2016) . This feature is associated with silicates that have been altered by the presence of liquid water. The spectrum of Donaldjohanson does not show such a feature. Accordingly with our analysis, it is classified as a Cg-type, a sub-type of C-complex with a pronounced UV drop-off.
Similar to Donaldjohanson, Eurybates has one spectrum that was also classified as a C-type and does not show hydration band. Interestingly, the C-type spectrum of Eurybates does not show the UV drop of reflectance. Note that such a feature has been identified in four out of 17 members of the Eurybates family (Fornasier et al., 2007) . This feature is detected on the spectra of many main belt C-type asteroids (Vilas, 1994 (Vilas, , 1995 , and it is often associated with other spectral features due to aqueous alteration products. While it is likely that Donaldjohanson possess hydrated minerals on its surface, due to the association with the Erigone family, it is not clear if Eurybates presents such materials. The observations that will be performed by the Lucy mission will provide valuable knowledge on the composition of both objects and how the surface of a C-complex asteroid can vary.
Does Eurybates have an inhomogeneous surface?
Although the attempt to detect rotational color variation in Eurybates using photometric techniques was inconclusive, due to the short fraction of the period that was covered, we found spectroscopic slope variation that possibly indicate variability on its surface. In addition to the described analysis of the Eurybates spectra acquired in this work, we also analyzed the spectrum presented in Fornasier et al. (2007) , which was obtained at a different phase angle. They measured a slope of (-0.18 ± 0.57%/1000Å). However, they used a different spectral range to calculate the spectral slope. For this reason, we recalculated it following the methodology described in section 3. The variability in the slope presented in Tab. 5 is above the 1-σ deviation, considering the uncertainties. The different slope values for Eurybates obtained in this work are probably not caused by phase reddening, an effect which has been deeply studied in the literature (Lumme and Bowell, 1981; Luu and Jewitt, 1990; Clark et al., 2002; Nathues, 2010; Sanchez et al., 2012; Reddy et al., 2012) . Although the spectrum observed in Fornasier et al. (2007) had a lower phase angle, the associated slope is in agreement with the second Eurybates spectrum obtained in this work, which was acquired at similar phase angle as the first and third spectrum (Tab. 5). Even if the particular case of the second spectrum was discarded, the variation would still be too high to be explained only by phase reddening effect. Lumme and Bowell (1981) measured a change in spectral slope of 0.15%/1000Å per degree for a sample of C-type asteroids. In our case, we found a variation in Eurybates' spectral slope between the mean of our redder spectra and that from Fornasier et al. (2007) of 2.32%/1000Å for a change in phase angle of 4.5
• , i.e., a variation of 0.51%/1000Å per degree, which is considerably larger than the aforementioned work.
A more likely possibility is that the surface of Eurybates is not entirely homogeneous. Eurybates is the largest body of the homonyms family, and has undergone a strong collision in the past. Fornasier et al. (2007) conducted an analysis with 17 members of the family and found that their slope vary from -0.5 to 4.6 %/1000Å, which makes the family predominantly composed by C-and P-type asteroids. The longitudinal variability in the slope of Eu- rybates is smilar to the dispersion within the family. This result, combined with the fact that these low values of slope are not commonly observed outside of the family (Fornasier et al., 2007; Wong et al., 2014 ; De Prá et al., 2018), could suggest that physical properties of Eurybates are related to its collisional history.
The longitudinal variation of Eurybates slope could be caused by different factors: regions with different ages, regolith size, composition, or a combination of these factors.
A collision could alter the properties of only a localized region of the body, and also excavate and expose inner-layer material. Areas of pristine material excavated by impacts might have much higher albedo than the ∼ 5% typical of Trojans (Fernández et al., 2003) . Likewise, these newlyexposed regions might have a distinct color from the rest of the radiation-reddened surface (Wong and Brown, 2016) . Other factor that could affect the spectral slope is distinct regolith sizes on the surface of Eurybates. Particle size affects the slope of overall reflectance. This behavior was proposed as one of the possibilities to explain spectral variation of 101955 Bennu (Binzel et al., 2015) .
Conclusions
We obtained visible spectra of the targets of the Lucy mission, including 3 JTs with the Goodman SOAR spectrograph and one MBA with the OSIRIS camera-spectrograph at GTC. In this work, we show, for the first time, a rotational spectral analysis in the visible for these JTs. For Donaldjohanson, we also performed for the first time the spectral characterization in the visible. In general, we did not find any absorption band on the analyzed spectra of our sample.
• Eurybates: We covered 63% of the rotation period of this object and we compared the spectral slopes obtained in our work with those already published in the literature. This comparison reinforced our hypothesis that the observed variations in the slope may be related to heterogeneities on the surface of this object. Such variation could be explained by the existence of an associated collisional family, originated during a cratering-forming event, that might have exposed fresh material, or by the presence of distinct regolith sizes on the surface of the object.
• Orus and Polymele: The spectral slopes and taxonomic classification of these objects do not present hints of surface variability on their surfaces. While representatives of the D-and P-taxonomic types, respectively, our data reproduced the spectral characteristics of the taxonomic groups.
• Donaldjohanson: It is the only MBA that will be visited by the Lucy mission. Unlike the spectra of the JTs, the spectrum of this object shows a drop-off in reflectance in the region below 0.62 µm. Although almost 90% of the C-types asteroids of the family to which it belongs have a band centered at 0.7 µm, related with hydrated materials, it does not possess it. All these characteristics place it in the taxonomic group of Cg types. Lucy will provide a big picture of C-class asteroids: members of dynamical families with distinct size in different regions of the Solar System.
Overall, spectroscopy of the Lucy targets covered in this work show diversity in the surface properties of these primitive asteroids. No clear surface variations with rotation are detected for Polymele and Orus. The combined spectrum and albedo of these bodies show that their properties are in some way peculiar when compared with the dominant characteristics of the P-and D-dominant groups in the whole Trojan population. Spectroscopy of Eurybates, on the other side, suggests that some variation on the characteristics of the reflectance of this body could be related with its collisional history. If this is related to its composition or to the particle size distribution is something that will be further explored by the Lucy mission, that can now plan the observational strategy to cover the different regions on the surface of Eurybates, according to our results. Finally, Donaldjohanson, the only main belt object in the group of targets, shows, according to our visible spectrum, hints of the presence of hydrated materials. This fact, could be explored with additional data in the 3-microns region from ground-based facilities or using the James Webb Space telescope instrumentation, in particular NIRSpec will be ideal to search not only for the -OH absorption band but also for the complex absorption due to organic components expected to dominate the surface of primitive objects in the Solar System (Rivkin et al., 2016; Pinilla-Alonso et al., 2019) .
